The unique immunoglobulin (Ig) idiotype on the surface of each B cell lymphoma represents an ideal tumor-specific antigen for use as a therapeutic vaccine. We have used an E. coli-based, cell-free protein-expression system to produce a vaccine within hours of cloning the Ig genes from a B cell tumor. We demonstrated that a fusion protein consisting of an idiotypic single chain Fv antibody fragment (scFv) linked to a cytokine (GM-CSF) or to an immunostimulatory peptide was an effective lymphoma vaccine. These vaccines elicited humoral immune responses against the native Ig protein displayed on the surface of a tumor and protected mice against tumor challenge with efficacy equal to that of the conventional Ig produced in a mammalian cell and chemically coupled to keyhole limpet hemocyanin. The cell-free E. coli system offers a platform for rapidly generating individualized vaccines, thereby allowing much more efficient application in the clinic.
Introduction
B lymphocytes, their clonal progeny, and the malignant lymphomas derived from B lymphocytes each express a unique immunoglobulin (Ig) molecule on the cell surface. Specific antibodies directed against the Ig variable regions can cure lymphomas [1] [2] [3] [4] [5] . The same Ig variable regions can be made into vaccines to induce a specific immune response by the host against their own tumor [6] [7] [8] [9] [10] . Such vaccines can be proteins containing the Ig variable regions or DNA encoding these proteins [11] [12] [13] . In addition, the idiotype protein has been used to pulse dendritic cells for active vaccination 14 . Active vaccination induces a polyclonal immune response that should be better than any single monoclonal antibody 15 . In addition, active vaccination can induce a T cell immune response. Previously, we have shown that vaccination of lymphoma patients can induce an immune response against the Ig molecule on their tumor 13, [16] [17] [18] and that such an immune response correlates with a favorable clinical outcome 18 . Prospective, randomized clinical trials are currently under way to determine the efficacy of idiotype vaccination in patients with lymphoma. These vaccines consist of a whole Ig derived from each B cell tumor and chemically conjugated to a foreign protein, keyhole limpet hemocyanin (KLH) , that enhances the immunogenicity of the molecule. Current vaccine manufacturing methods are time consuming and expensive. If personalized therapy with a patientspecific vaccine is to become broadly applicable, a rapid and inexpensive method for vaccine production is needed.
Cell-free protein synthesis (CFPS) technology is a much more rapid and economical vaccine production strategy than traditional protein expression systems that use living cells or other organisms. Cell-free protein synthesis provides high yields 19, 20 that are not attainable in living hosts due to toxicity [21] [22] [23] under conditions optimal for protein folding, particularly with regard to proper disulfide bond formation 24, 25 . Once a patient's lymphoma-specific Ig V genes have been cloned, the proteins can be produced in a cell-free transcription-translation system within hours and can be purified and ready for use as vaccine in a matter of days. Protein produced by stably transfected mammalian or insect cell lines can take months to prepare. These advantages of in vitro expression technology could enable better treatment strategies for lymphoma lymphoma patients, since the vaccine could be available for use soon after diagnosis and prior to the use of immunosuppressive chemotherapy.
Recently, we developed a cell-free protein expression system that produces high yields of biologically active granulocyte-macrophage colony stimulating factor (GM-CSF) 26 . In that study we determined the optimal gene order for combining GM-CSF with an Ig single chain variable fragment (scFv) to maximize protein solubility and biological activity 23 . Here, we show that proteins produced in the cell-free system can function as vaccines against a murine B cell lymphoma. The two vaccine candidates we tested were a tumor-derived scFV fused through the bacterial immunity protein, Im9, to GM-CSF and the scFV fragment fused to a nine-amino acid peptide sequence from interleukin-1β (IL-1β9aa) 7, 27 . Both of these fusion proteins induced tumor-specific humoral immune responses For personal use only. on September 24, 2017 . by guest www.bloodjournal.org From rivaling those of the traditional vaccine composed of the whole IgM protein chemically coupled to KLH. Furthermore, the GM-CSF-scFv fusion protein was able to protect mice from tumor challenge with efficacy equal to that of the traditional Ig-KLH vaccine. These results show that the cell-free expression system is a viable option for the production of patient-specific vaccines and confirm that IL-1β9aa and GM-CSF are effective immuno-stimulatory fusion partners that increase the potency of the cell-free vaccines.
Methods
Mice and cell lines. C3H/Hen female mice, age 6-8 weeks, were obtained from Harlan SpragueDawley (San Diego, CA) and were housed at the Laboratory Animal Facility at Stanford University Medical Center (Stanford, CA). All animal experiments were conducted following the Laboratory Animal Facility and National Institute of Health guidelines. The carcinogen-induced IgM/κ 38C13 murine B cell lymphoma cell line 28 and the mGM-CSF-dependant NFS-60 cell line have been previously described 29 .
All cell lines were cultured in RPMI 1640 + L-glutamine (Gibco from Invitrogen, Carlsbad, CA), penicillin-streptomycin (pen-strep, Invitrogen), 10% FCS (Omega Scientific, Tarzana, CA) and 2-mercaptoethanol (2ME, Invitrogen). NFS-60 cells were grown in this media, with the addition of either yeast-derived mGM-CSF (donated by Immunex, now Amgen, Thousand Oaks, CA), or bacterial-derived mGM-CSF (Peprotech, Rocky Hill, NJ).
Construction of scFv and fusion plasmids for Id vaccines. The construction of pK7.38C13scFv (38C13 V H -V L ) was reported previously 23, 26 . For pK7.38C13.IL-1β9aa, a DNA fragment ( 5' GTGCAGGGTGAAGAGAGCAACGA TAAA 3' ) that encodes a 9 amino acid peptide VQGEESNDK from IL-1β was added onto the V L -V H DNA fragment by PCR primer extension of the 3' region of pK7.V H -V L vector with an opposing T7 forward primer. The 3' extension was made from the 38C13 V L gene to include the first 15 base pairs of CAT 23, 26 , 38C13 V H -V L , and the IL-1β sequence followed by a GGGGS linker and a C-terminal His-tag. The fragment was then restricted with Nde1 and Sal1 and ligated into the pK7 vector. Another construct was made with an N-terminal IL-1β 9aa peptide (IL1β9aa-V L -V H ). This construct was made by PCR primer extension of pK7.V H -V L , amplified with a T7 termination reverse primer and a forward primer encoding the first 15 base pairs of CAT, followed by the IL1β9aa sequence (listed above), a sequence encoding a GGGGS linker and overlap with the 38C13 V H . 
The pk7.hGM-Im9-V L -V H plasmid was constructed from the mGM-Im9-V L -V H template by exchanging human GM-CSF for mouse GM-CSF. The hGM-CSF gene was amplified by PCR from a construct previously used 6 and inserted into the same location as mGM-CSF by overlapping PCR of the 3' region of hGM-CSF with the 5' region of the GGGGS linker/Im9 region of mGM-Im9-38V L -V H . A CAT 15 base pair sequence, 6X His-tag, and GGGGS linker was also added to the 5' region of hGM-CSF by primer extension. The resulting fragment was then restricted with Nde1 and Sal1 and ligated into the pK7 vector.
In vitro GM-CSF bioassays. The biological activity of cell-free expressed GM-CSF and GM-CSF fusion proteins was assayed using a murine GM-CSF-dependent cell line, NFS-60
29
. GM-CSFdependent NFS-60 cells were grown in RPMI media (Invitrogen) with 10% FCS in the presence of E. coli-derived GM-CSF (Peprotech). Once in log-phase growth, cells were centrifuged and washed three times with RPMI/10%FCS to remove residual GM-CSF. Cells were plated at a concentration of 5000 cells per well in a flat-bottom 96-well tissue culture plate (Falcon Microtest 96, Fisher Scientific, Rockville, MD), and dilutions of standard GM-CSF (E. coli-derived GM-CSF from R&D Systems, Minneapolis, MN) or cell-free expressed GM-CSF/fusion proteins were added to the wells in serial dilutions. Cultures containing each dilution were performed in triplicate. µ Ci/mL. Seven hours later, the cells were harvested onto glass fiber filter mats, and [
Generation of mAbs for Id-KLH vaccines and immunoassays. The 38C13 immunoglobulin was
produced from a hybridoma (38C13/A1-2) that secretes soluble 38C13 IgM 30 . To produce a vaccine, this protein was conjugated to KLH using glutaraldehyde. The anti-38C13 idiotype Ab preparation used as a standard in the immunoassays was an equimolar cocktail of different isotypes produced from the hybridomas S1C5, S5A8, S3H5, and S4C8, which have been previously described 30 
.
Expression and purification of fusion proteins produced in the cell-free system. Cell-free reaction conditions are described in our previous report 23 . For production of protein for the current experiments, the in vitro reactions were scaled up to 5 mL. The reaction mixture was placed as a large 5 mL drop in a petri dish and incubated at 30°C for 4 hr 31 . After 4 hr, the soluble protein was separated from the insoluble fraction of the reaction by centrifugation at 15,000 g for 15 min. The soluble fraction was loaded on a 5 mL Ni-NTA column (Qiagen, Valencia, CA), pre-equilibrated with 50 mM phosphate buffer (pH 8.0) containing 300mM NaCl and 10 mM imidazole. The column was washed with 30 mL 25 mM imidazole in the same buffer and eluted with 250 mM imidazole. The purified products were then concentrated by filtration in an Amicon 15 mL ultrascale centrifugal device (5,000 MWCO) and dialyzed against PBS buffer. Finally, the vaccine protein was brought to a concentration of 0.1% Tween-20 and sterilized by filtration through a 0.2 µM filter (Nalgene, Rochester, NY). The vaccines were stored at 4°C for up to 5 weeks before use. Fig. 5a and 5b, 1200 cells in Fig. 5c ). Before tumor challenge, cells were thawed, washed three times in RPMI/10% FCS/pen-strep/L-glutamine/2ME and grown in culture for 3 days.
Before tumor challenge, cells were washed three times in PBS then diluted to the correct concentration in PBS for injection. After tumor challenge, mice were followed for survival. Survival analysis was performed using Prism software (GraphPad, San Diego, CA) and P values were calculated using the log-rank statistical test.
Immunoassays for measurement of anti-tumor immune responses. To assess the humoral immune response in the 38C13 tumor model, we used an enzyme-linked immunosorbant assay (ELISA) to quantify 38C13-specific IgG antibodies and FACS staining to assess the ability of the vaccine-induced Ab response to recognize the native target on the 38C13 tumor. For the ELISA, 96-well flat-bottom Nunc Maxisorp Immunoplates (Nalgene) were coated with 5 µ g/mL 38C13 Ab in carbonate buffer overnight. The following day, the plates were blocked with 5% non-fat milk in PBS. Serum (from C3H/Hen mice 10 days post second or third vaccination) or standard (anti 38C13 Id cocktail of 4 different isotypes) was diluted in 1%BSA/PBS and applied for 1 h and bound IgG from serum was detected using a goat-anti-mouse IgG-specific HRP-conjugated Ab (Southern Biotech, Birmingham, AL). Plates were washed four times between steps with ELISA wash buffer (PBS/NaCl/Triton X) and detection was performed with ABTS chromogenic substrate (Roche, Basel, Switzerland) and observed by measuring optical density at 405-490 nm with a Kinetic Microplate Reader (Molecular Devices, Sunnyvale, CA).
Serum of immunized mice was tested for the ability of the antibodies to recognize the native 38C13 protein on the surface of the tumor cells by flow cytometry. Cells were grown in RPMI, washed in PBS with 1% BSA and 0.05% sodium azide, and resuspended in the same buffer to be aliquoted at 500,000 cells/tube. Cells were stained with serum for 30 min at 1:20 (Fig. 4a) or 1:800 dilutions (Fig. 4b) , washed twice in FACS buffer, then stained with FITC-conjugated goat-anti-mouse IgG. The cells were analyzed on a FACScalibur flow cytometry instrument (Becton Dickinson, San Diego, CA).
Results

Expression and Purification of Proteins
The constructs used to generate the cell-free proteins are variations on the scFv derived from the mouse B cell tumor 38C13 and are diagrammed in Figure 1a . The fusion proteins were histidine tagged to facilitate purification. The first construct, GM-Im9-V L -V H , is a fusion of mouse GM-CSF to the 38C13 scFv via a linker sequence derived from the E. coli immunity protein Im9 32 . Im9 is a fourhelix, anti-parallel bundle protein that folds rapidly during biosynthesis and we reasoned that the Im9 domain would separate the GM-CSF and the scFv components and allow each of them to fold correctly. We also constructed two different fusions of the 38C13 scFv with a nine-amino acid epitope from IL-1β (IL1β9aa), one with the IL1β9aa peptide at the C terminus (V H -V L -IL1β9aa) and one with the scFv component at the C terminus (IL1β9aa-V H -V L , only one is shown in Fig. 1a) , because we knew from previous work 23 that the order of the individual components could impact protein folding. A fusion protein made with human GM-CSF, which is not biologically active in murine cells, served as a test of the requirement for GM-CSF bioactivity. In addition, a construct with the scFv from the unrelated A20 B cell lymphoma (A20 V H -V L ) served as a control for idiotype specificity. The cell free-reaction was optimized for redox potential and disulfide bond formation as previously described 23 . Protein synthesis was allowed to proceed for 4 hours in 5 mL batches using the thin film format 31 , with a total of approximately 30 mL of cell-free reaction volume produced per construct. The His 6 -tagged proteins were purified immediately from the soluble fraction of the cellfree reaction mixture using a nickel affinity column. A coomassie-stained gel of the purified fusion proteins is shown in Figure 1b . The purity varied for the different constructs and ranged between 50% and 90%, based on calibrated estimates of gel band intensities. The 30 mL reaction volume usually produced approximately 1 mg of protein after purification, but yields ranged between 0.5 and 3 mg (data not shown).
Biological Activity of GM-CSF Fusion Proteins
Our previous report on immunoglobulin-GM-CSF fusion proteins 6 demonstrated that their efficacy as vaccines depended on the biological activity of the GM-CSF. Therefore, we tested the GM-CSF bioactivity of the fusion proteins using a murine GM-CSF-dependant cell line, NFS-60 (Fig. 2) . We found that our GM-Im9-V L -V H fusion protein supported the growth of NFS-60 cells with equal efficacy to that of the commercially available murine GM-CSF, produced in bacteria. In contrast, and as expected, neither 38C13 scFv nor the scFv fused to human GM-CSF were able to support the proliferation of these murine GM-CSF dependent cells.
Immunogenicity of scFv Fusion Proteins
We determined the relative ability of 38C13 scFv fusion proteins to induce antibodies that recognize the native 38C13 protein, both as a free molecule, and as a cell-surface protein. Such recognition is a minimal requirement of the desired immune response and a good test for proper folding of the cellfree vaccines. After three immunizations, all groups of mice vaccinated with either idiotype Ig conjugated to KLH (Id-KLH) or with a cell-free produced 38C13 scFv proteins had an antibody response detectable by ELISA (Fig. 3) . As negative controls, we used two different irrelevant protein products produced using the cell-free method: the scFv derived from the BALB/c A20 tumor (A20 V H -V L ) and the E. coli disulfide bond isomerase (DsbC) protein, also produced by CFPS. As expected, neither of the non-specific controls elicited an anti-antibody response against the 38C13 tumor To further assess the efficacy of the vaccines, we used flow cytometry to test whether the elicited antibodies recognized the idiotypic Ig on the surface of the 38C13 tumor cells (Fig. 4) . Sera from individual mice immunized with Id-KLH or with mGM-Im9-V L -V H gave strong staining of the tumor cells (Fig. 4a) . The scFv fragment alone and V H -V L -IL1β9aa also induced anti-tumor antibodies, but staining was much weaker and not every mouse responded (Fig. 4a) . These antibodies were specific, since they did not bind to the cells of an unrelated mouse B cell tumor (data not shown).
In an independent experiment we tested a construct with the IL1β9aa peptide fused to the Nterminus of the scFv component since in our previous studies 23 a GM-CSF fusion protein worked well with this gene order. We also tested a lower concentration of the immune serum so as to better compare the relative efficacies of the vaccines (Fig. 4b) . At this lower concentration, the serum from the scFv immunized mice showed no staining of the 38C13 tumor. In contrast, both fusion proteins tested, GM-Im9-V L -V H and IL1β9aa-V H -V L , induced detectable anti-idiotype antibodies. However, when compared to the response to the scFv fragment alone, only the GM-Im9-V L -V H fusion protein had a statistical advantage (p=0.0004), and only in this group did every mouse respond (Fig. 4b ).
Tumor Protection
We tested the ability of the vaccines to protect mice from tumor challenge in three separate experiments (Fig. 5) . As shown in Figures 5a and 5b, mice were challenged with 400 38C13 tumor cells after three vaccinations with the indicated proteins. All of the vaccines tested provided significant protection as compared to mice immunized with an irrelevant control protein (DsbC, also produced in the cell-free system). Both experiments showed that mGM-Im9-V L -V H was as effective as the conventional protein product-a full-length, mammalian-produced Ig coupled to KLH. The GM-Im9-V L -V H vaccine offered the best protection of the fusion proteins tested when all three experiments were taken into account, although it provided no statistical advantage over the other cell-free fusion vaccines within a particular experiment. There was no statistical difference between the efficacy of the IL-1β9aa fusion, which consistently protected 70% of the mice, and the 38scFv vaccine, which protected 60% (Fig 5b) . Therefore, we found no advantage when an IL-1β9aa molecule was fused to the C terminus of the scFv relative to the scFv fragment alone. Based on the results of these two tumor challenge experiments, GM-Im9-V L -V H appeared to be as effective a vaccine as Id-KLH and performed better than the other vaccines tested (though efficacy was not statistically different from that of V H -V L -IL1β9aa).
We then challenged immunized mice (immune response shown in Fig. 4b ) with three times the number of tumor cells used in the first two in vivo experiments to more stringently assess the relative efficacies of the different vaccines (Fig. 5c) . This experiment included IL1β9aa-V H -V L and the negative control vaccine, A20 V H -V L . In this experiment, the 38C13 scFv had no advantage over the control A20 scFv. Immunization with either GM-Im9-V L -V H or IL1β9aa-V H -V L had a protective advantage over the A20 scFv (p=0.0005 and 0.038, respectively) and over the 38C13 scFv (p=<0.0001 and 0.0091). With the increased number of tumor cells, GM-Im9-V L -V H was superior to IL1β9aa-V H -V L (p=0.0473).
Discussion
Several clinical trials are underway to test tumor-derived Ig as a therapeutic vaccine for patients with B cell lymphoma. Patients are treated with whole Ig molecules, prepared using mammalian or insect cell expression systems, conjugated chemically to KLH and are co-administered GM-CSF as an immune stimulant. In order to make customized immune therapy feasible and potentially available soon after diagnosis, prior to the use of immunosuppressive chemotherapy, more streamlined production methods are needed.
Here we report that idiotype fusion proteins produced in an E. coli-based cell-free expression system serve as effective vaccines for eliciting tumor protection. In addition, we have identified two potential proteins that, when fused to 38C13 scFv, increased its immunogenicity and ability to protect mice from a tumor challenge. One advantage of the in vitro expression platform in comparison to mammalian or insect cell systems is that much higher soluble yields can be obtained. Using the model protein E. coli chloramphenicol acetyl transferase (CAT), batch reactions can produce up to 800 µ g/mL 31 , and in one semi-continuous system, up to 6 mg/mL 19 . A second advantage of the cell-free system is that the reaction milieu can be altered to facilitate correct protein folding, particularly by changing the sulfhydral redox potential, a parameter important for proteins with disulfide bonds. In previous publications, several measures have been used to encourage oxidative protein folding: 1) using a sulfhydral buffer composed of oxidized and reduced glutathione 24, 25, 33 , 2) pre-treating the E. coli extract with iodoacetamide (IAM) to inactivate endogenous sulfhydral-dependant oxidoreductases 24, 33 , and 3) adding exogenous bacterial disulfide isomerase DsbC 24, 33 . Combining these approaches, we were able to increase the yield of soluble, biologically active murine GM-CSF 26 as well as proteins containing biologically-active mGM-CSF fused to the scFv of the mouse 38C13 B cell lymphoma 23 . In this report, we showed that idiotype vaccines produced in a cell-free system can be as effective as full-length tumor Ig fused to KLH produced in a mammalian cell system. Our experiments showed that the scFv portions of the fusion proteins produced using CFPS technology were sufficiently well folded to induce an anti-tumor humoral response. In addition, the vaccine formulations, GM-Im9-V L -V H and IL1β9aa-V H -V L , induced substantial antibody responses against the soluble native 38C13 protein and specifically bound the idiotype expressed on the tumor cell surface. The most effective construct tested was the fusion of GM-CSF to the single-chain Fv (GM-Im9-V L -V H ); this fusion consistently protected mice from tumor challenge with efficacy comparable to conventional Id-KLH.
We also showed that the IL1β9aa-V H -V L vaccine (the smallest scFv-fusion protein tested) protected mice from tumor challenge. Because the IL-1β 9 amino acid peptide retains the immunostimulatory activity of the full-length IL-1β molecule 27 , it is thought to act through the IL-1β receptor. However, this remains to be proven. It was clear from our experiments that the IL1β9aa-V H -V L vaccine was superior to V H -V L alone, but only when IL-1β9aa was placed on the N-terminus of the scFv fragment.
The speed and relative simplicity of the cell-free system allowed us to produce and evaluate a variety of vaccine candidates for this study. The same advantages will be extremely important for the rapid and economical production of patient-specific human lymphoma vaccines. We are currently optimizing the necessary technology to express the vaccine proteins directly from PCR products obtained from Ig V regions, eliminating the time needed for transforming and culturing bacterial cells and recovering the plasmid DNA. We believe that the cell-free protein expression system will ultimately yield the most practical approach to customized vaccine therapy. Because the patient's own Ig V regions can be rapidly cloned and expressed using the CFPS technology, vaccines may be available for patients shortly after a diagnosis of lymphoma. This may make it possible to use individualized therapy as frontline treatment, before the use of chemo-and/or radiation therapies. idiotype constructs produced in the cell-free expression system. Construct 1 is an scFv linked to mouse GM-CSF via an Im9 linker. Construct 2 links human GM-CSF to the scFv fragment. The third construct is a fusion of IL-1β9aa to the 38C13 scFv. Construct 4 is the 38C13 scFv alone. Constructs not shown are the C-terminal IL-1β9aa fusion to the 38C13 scFv, the A20 scFv, and the E. coli disulfide bond isomerase (DsbC). (b) After 4 hours of protein synthesis, products were enriched from the cell-free reaction supernatant using a nickel affinity column. The partially purified products of constructs were analyzed by SDS-PAGE and stained with coomassie blue. The arrows indicate the band that corresponds to the desired product. For comparison, unpurified cell-free product is shown (lane U). 
